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IOD[ KHPS MXWHVLVDO NHQDI FRLUNDSRNEDQDQDKHQHTXHQDQG PDQ\RWKHUV *HHWKDPPDHWDOUHSRUWHGWKDW
FRPSRVLWH PDWHULDOVDUHVXLWDEO\DSSOLFDEOHIRU DHURVSDFH OHLVXUH FRQVWUXFWLRQ VSRUWSDFNLQJDQG PRUHVXLWDEOHIRU
DXWRPRWLYHLQGXVWULHV 7KHXVHRIQDWXUDOILEHUVUHGXFHVZHLJKWE\DQGORZHUVWKHHQHUJ\QHHGHGIRUSURGXFWLRQ
E\ ZKLOHWKHFRVWRIWKHFRPSRQHQWLVORZHUWKDQWKHFRPSDUDEOHILEHUJODVVUHLQIRUFHG FRPSRQHQWV7KH
SURSHUWLHV RI QDWXUDO ILEHU UHLQIRUFHG FRPSRVLWHV DUH PDLQO\ LQIOXHQFHG E\ ILEHU FRQWHQW DQG DPRXQW RI ILOOHU
0HFKDQLFDOSURSHUWLHVRIEDQDQDILEHUZHUHVWXGLHGE\.XONDUQLHW DO6UHHNDOD HW DO LQYHVWLJDWHG WKH
SHUIRUPDQFHRIPHFKDQLFDOSURSHUWLHVRIRLOSDOP ILEHUZLWKJODVV ILEHUDQGXVHGSKHQRO IRUPDOGHK\GHDVD UHVLQ
7KHLQYHVWLJDWLRQUHYHDOHGWKDWPD[LPXPPHFKDQLFDOSHUIRUPDQFHRFFXUVDWZHLJKWORDGLQJ 9HQNDWHVKZDUDQ
HWDOUHSRUWHGWKDW VLVDOEDQDQDK\EULG QDWXUDOILEHU FRPSRVLWHVSHFLPHQVZHUH SUHSDUHGZLWKGLIIHUHQWUDWLRV
E\WDNLQJYROXPHIUDFWLRQDQGWHQVLOHSURSHUWLHVRIWKHVHK\EULGQDWXUDOILEHUFRPSRVLWHVDUH DOVR H[DPLQHGXVLQJ
UXOHRIPL[WXUHV5R+0  <DQ/LHWDO UHSRUWHGWKDWVLVDOILEHUZDVWKHSURPLVLQJUHLQIRUFHPHQWEHFDXVHRI
ORZGHQVLW\ KLJK VSHFLILF VWUHQJWK QR KHDOWK KD]DUGV DQG ILQGLQJ DSSOLFDWLRQV LQPDNLQJRI URSHVPDWV FDUSHWV
IDQF\ DUWLFOHVHWF 7KHREMHFWLYHRIWKHLU VWXG\LVWRLQYHVWLJDWHWKHHIIHFWRIILEHUORDGLQJRQUKHRORJLFDOSURSHUWLHV
DQG WKHSK\VLFDOPHFKDQLFDO SURSHUWLHVRIDGU\ UXEEHUFRPSRXQGV 9HQNDWHVZDUDQHW DO  UHSRUWHG WKDW WKH
K\EULGL]DWLRQ RIVLVDOILEHUZLWKEDQDQDHSR[\FRPSRVLWHVXSWRE\ZHLJKWLQFUHDVHVWKHPHFKDQLFDOSURSHUWLHV
DQG  DOVR GHFUHDVHV  WKH ZDWHU DEVRUSWLRQ SURSHUWLHV 7KH RYHUDOO WHQVLOH DQG IOH[XUDO SURSHUWLHV RI QDWXUDO ILEHU
UHLQIRUFHG SRO\PHU K\EULG FRPSRVLWHV DUH KLJKO\ GHSHQGHQW RQ WKH DVSHFW UDWLR PRLVWXUH DEVRUSWLRQ WHQGHQF\
PRUSKRORJ\DQGGLPHQVLRQDOVWDELOLW\RIWKHILEHUVXVHG1DWXUDOILEHUH[KLELWVXSHULRUPHFKDQLFDOSURSHUWLHVVXFKDV
IOH[LELOLW\ VWLIIQHVV DQGPRGXOXV FRPSDUHG JODVV ILEHUV LQYHVWLJDWHGE\*RXODUW HW DO  )ODYLR HW DO 
RSLQHGWKDWQDWXUDOILEHUVVXFKDVVLVDODQGMXWHILEHUVDUHUHSODFLQJWKHJODVVDQGJODVVDQGFDUERQILEHUVRZLQJWR
WKHLU HDV\DYDLODELOLW\DQGFRVW*HRUJHHWDOREVHUYHGWKDW WKHVWDELOLW\RIWKHFRPSRVLWHFRPSDUHGWRVLVDO
ILEHU PD\EHGXHWRLPSURYHGILEHU ±PDWUL[LQWHUDFWLRQ 7KHUHIRUH VXLWDEOHSURFHVVLQJWHFKQLTXHVDQGSDUDPHWHUV
PXVWEHFDUHIXOO\VHOHFWHGLQRUGHUWR\LHOGWKHRSWLPXPFRPSRVLWHSURGXFWV2XUUHVHDUFKZRUNDLPVWRVWXG\ WKH
HIIHFW RI ILEHU ORDGLQJ FKHPLFDO WUHDWPHQWV PDQXIDFWXULQJ WHFKQLTXHV DQG SURFHVV SDUDPHWHUV RQ WKH WHQVLOH
SURSHUWLHVRIQDWXUDOILEHUUHLQIRUFHGFRPSRVLWHV&RPSDULVRQVDUHPDGHRQ ERWKWKHUHLQIRUFHPHQWPDWHULDOV VXFKDV
EDQDQDDQGVLVDOILEHUSRO\PHUFRPSRVLWHVVRDV WRVWXG\WKH PHFKDQLFDODQGSK\VLFDOSURSHUWLHVRIFRPSRVLWHV,Q
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LVDQDOLSKDWLF SULPDU\DPLQH LH WULHWK\OHQH WHWUDPLQH7(7$7KHSURSHUWLHVRIEDQDQDDQGVLVDO ILEHUV
DUHJLYHQLQ7DEOH>@
 %DQDQD)LEHU([WUDFWLRQ
0DWXUHEDQDQDSVHXGRVWHPZDVREWDLQHG IURP IDUP DQGZDVFXW LQWR OHQJWKRIPPVOLFHG ORQJLWXGLQDOO\
LQWRIRXUSLHFHVDQGHDFKZDVWRWDOO\VXEPHUJHGLQZDWHUIRUGD\VDIWHUZKLFKWKHVWHPVZHUHUHPRYHGIURPWKH
ZDWHUDQGZHUHORRVHQHGE\VZLVKLQJEDFNDQGIRUWKLQDSRRORIWDSZDWHU7KH\ZHUHVXEVHTXHQWO\VXQGULHGIRU
HLJKW KRXUV DQG IXUWKHU ORRVHQHG E\ PDQXDO FRPELQJ 7KH H[WUDFWHG ILEHUV ZHUH WKHQ WUHDWHG ZLWK  VRGLXP
K\GUR[LGH 1D2+ VROXWLRQ IRU IRXU KRXUV XQGHU WRWDO LPPHUVLRQ FRQGLWLRQ WR DYRLGR[LGDWLRQRI WKH ILEHU DIWHU
ZKLFKLWZDVZDVKHGLQRYHUIORZLQJWDSZDWHUXQWLOQHXWUDOS+LV DWWDLQHG 7KHWUHDWHGILEHUVZHUHWKHQGULHGLQDQ
RYHQIRUKRXUVDW & LQRUGHUWRUHPRYHIUHHZDWHUWKHQ FXWWRUHTXLUHGGLPHQVLRQVDQGVWRUHGLQ DQ DLUWLJKW
FRQWDLQHU 7KH SURSHUWLHVRIEDQDQDILEHUDUH JLYHQLQ7DEOH
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SUHSDUHWKHFRPSRVLWH SODWH 7KHZHLJKWUDWLRRIPL[LQJHSR[\DQG KDUGHQHU LV5HVLQZDVSXUFKDVHGIURPORFDO
VRXUFHV
 0RXOGSUHSDUDWLRQ
0RXOGLVIDEULFDWHGZLWKDPDOOH[VKHHWRIFPVL]HDQGUXEEHUEORFNSLHFHLV SDVWHGRQWKHGLPHQVLRQV
PPî PPRQIRXU VLGHV 7KH IDEULFDWLRQ ZDV FDUULHGRXWWKURXJKKDQGOD\XS WHFKQLTXH %HIRUH OD\XS SURFHVV
WKHPRXOGKDGEHHQDSSOLHG ZLWKDUHOHDVLQJDJHQWWRLQVXUH WKDWWKHDUWZLOOQRWDGKHUHWRWKHPRXOG7KHWRSDQG
ERWWRPODWHVZHUHFRYHUHGZLWKPDOOH[ VKHHWDQG WKHILEHUV ZHUHZLWKHSR[\FRPSUHVVHG WRDYRLGWKHGHEULVIURP
HQWHULQJLQWR FRPSRVLWHSDUWVGXULQJFXULQJ
 )DEULFDWLRQRIFRPSRVLWHV
%DQDQD)LEHUV DQG VLVDO ILEHUVZHUH WDNHQ VHSDUDWHO\ IRU ERWKXQLGLUHFWLRQDO DQGELGLUHFWLRQDO IRU WKH VDPSOH
SUHSDUDWLRQ7KHILEHUZHLJKWSHUFHQWDJHIRUERWKWKHRULHQWDWLRQZHUHWDNHQDV7KHHSR[\UHVLQDQG KDUGHQHU
ZHUHPL[HG LQWKHUDWLRDUWVDQGLWZDVVWLUUHGZLWKVLPSOHPHFKDQLFDOVWLUULQJ7KHPRXOGVZHUHFOHDQHGDQG
GULHGEHIRUHDSSO\LQJHSR[\UHVLQ 7KHILEHUV ZHUHODLGXQLIRUPO\RYHUWKHPRXOGEHIRUHDSSO\LQJUHOHDVLQJDJHQW
7KH ILEHUVZHUH WKDQ XQLIRUPO\ FRPSUHVVHG IRU IHZPLQXWHV WR UHPRYH WKH VKULQNDJH LQ WKH ILEHU7KHQERWK WKH
ILEHUVZHUHUHPRYHGIURP WKHPRXOG7KHUHOHDVLQJDJHQWZDVDSSOLHG RYHUWKHPRXOGDIWHUZKLFKDFRDWRIHSR[\
ZDV DSSOLHG 7KH FRPSUHVVHG ILEHU LV SODFHG RYHU WKH HSR[\ FRDW HQVXULQJ XQLIRUPGLVWULEXWLRQ RI ILEHUV RI WZR
RULHQWDWLRQV VXFK DV XQLGLUHFWLRQDOO\ DQG ELGLUHFWLRQDOO\ 7KH HSR[\ PL[WXUH ZDV WKHQ SRXUHG RYHU WKH ILEHU
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XQLIRUPO\ DQG FRPSUHVVHG IRU D FXULQJ WLPH RI  KRXUV $IWHU WKH FXULQJ SURFHVV WHVW VDPSOHV ZHUH FXW WR WKH
UHTXLUHGVL]HV DVSUHVFULEHG LQWKH$670 VWDQGDUGV7KHSKRWRJUDSKVRIWKHIDEULFDWHGQDWXUDOFRPSRVLWHVDPSOHV
DUHVKRZQLQ)LJDDQGE
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DIDEULFDWHGEDQDQDILEHUVDPSOHV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E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7KHERQGLQJDWWKHILEHUPDWUL[LQWHUIDFHSOD\VDPDMRUUROHLQWKHPHFKDQLFDO EHKDYLRXU RIFRPSRVLWH PDWHULDOV,Q
SRO\PHUPDWUL[FRPSRVLWHVWKHPRVWLPSRUWDQW IXQFWLRQRI WKHPDWUL[LV WRGLVWULEXWHWKHDSSOLHGVWUHVVDPRQJWKH
ILEHUV 7KH DSSOLHG VWUHVV PXVW EH WUDQVIHUUHG DFURVV WKH ILEHUPDWUL[ LQWHUIDFH WUDQVYHUVH ORQJLWXGLQDO VKHDU
VWUHQJWK RI D SRO\PHU PDWUL[ FRPSRVLWH GHSHQG KHDYLO\ RQ WKH LQWHUIDFLDO ERQG VWUHQJWK 7KXV ERQGLQJ PXVW EH
PD[LPL]HGLI WKHIXOOVWUHQJWKRIUHLQIRUFLQJILEHULV WREHUHDOL]HGPDNLQJDFFXUDWHFKDUDFWHUL]DWLRQRILQWHUIDFLDO
ERQGLQJ LQFRPSRVLWH PDWHULDOV $HURVSDFHDSSOLFDWLRQVRI DGYDQFHGFRPSRVLWHV LQFUHDVH IRUDERXWSHUFHQWRI
FXUUHQW VDOHV6SRUWLQJJRRGV VXFK DVJROI FOXEV DQG WHQQLV UDFNHWV LQFUHDVHV DQ DFFRXQW IRU DQRWKHU SHUFHQW
$XWRPRELOHV DQG LQGXVWULDO HTXLSPHQWV DUH PDQXIDFWXUHG XVLQJ SRO\PHU PDWUL[ FRPSRVLWHV 7KH QH[W PDMRU
FKDOOHQJHIRU SRO\PHUPDWUL[FRPSRVLWHVLVXVHGLQODUJHPLOLWDU\DQGFRPPHUFLDOWUDQVSRUWDLUFUDIW 3RO\PHUPDWUL[
FRPSRVLWHVDUHXVHGLQ FRPPHUFLDO DLUFUDIW WRUHGXFHWKHZHLJKWRIWKHDLUFUDIW7KH 3RO\PHUPDWUL[FRPSRVLWHVDUH
LQ WKH DXWRPRELOH IRU SURGXFWLRQ RI ERG\ SDQHOV GULYH VKDIWV DQG OHDI VSULQJV %HFDXVH RI WKHLU UHVLVWDQFH WR
FRUURVLRQWKH\PD\DOVREHDWWUDFWLYHIRUPDULQHVWUXFWXUHV,QVSDFHDYDULHW\RIFRPSRVLWHVFRXOGEHXVHGLQWKH
SURSRVHGDHURVSDFHSODQHDQG3RO\PHUPDWUL[FRPSRVLWHVDUH EHLQJFRQVLGHUHGIRUWKHWXEXODUIUDPHRIWKH1$6$
VSDFH VWDWLRQ 5HVHDUFK DQG 'HYHORSPHQW 3ULRULWLHV XQOLNH PRVW VWUXFWXUDO FHUDPLFV 3RO\PHU PDWUL[ FRPSRVLWHV
KDYHFRPSLOHGDQH[FHOOHQWVHUYLFH UHFRUGSDUWLFXODUO\ LQPLOLWDU\DLUFUDIW
7HQVLOH WHVWV
7KHPHFKDQLFDOEHKDYLRURI WKHFRPSRVLWHVSUHSDUHGZLWK WKH IDEULFDWHG VDPSOHVZDV WHVWHG LQ WKH 8QLYHUVDO
7HQVLOHWHVWLQJPDFKLQHZLWKWHVWLQJORDGUDQJHRIPD[LPXP7RQ ZLWKJHDU URWDWLRQVSHHGRIPPPLQ
7KHH[SHULPHQWVZHUHFRQGXFWHGDWQRUPDOURRPWHPSHUDWXUH7KHWHVWVSHFLPHQVZHUHFXWDVSHU$670VWDQGDUGV
XVLQJZDWHUMHW PDFKLQLQJ 7KHWHQVLOHVWUHQJWKZDVGHWHUPLQHGDVSHU$670'ZLWKVWDQGDUGJDXJHOHQJWK RI
PPZLWK DFURVVKHDGVHHGRIPPPLQ
 ,PSDFWWHVWV
,PSDFWVWUHQJWKRIWKHFRPSRVLWHVSHFLPHQVZDVFDUULHGRXWLQ,]RGLPSDFWWHVWLQJPDFKLQHDFFRUGLQJWR$670
'VWDQGDUG7KHVSHFLPHQVL]HZDV PPZLWKGHSWKXQGHU QRWFKRIPP 7KH&KDUS\LPSDFWWHVW
LVDVWDQGDUGL]HGKLJKVWUDLQUDWHWHVWZKLFKGHWHUPLQHVWKHDPRXQWRIHQHUJ\DEVRUEHGE\DPDWHULDOGXULQJIUDFWXUH
7KLVDEVRUEHGHQHUJ\LVDPHDVXUHRIDJLYHQPDWHULDO
VWRXJKQHVVDQGDFWVDVDWRROWRVWXG\WHPSHUDWXUHGHSHQGHQW
GXFWLOHEULWWOHWUDQVLWLRQ
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 )OH[XUDOWHVWV
7KH IOH[XUDO WHVWPHDVXUHV WKH IRUFH UHTXLUHG WREHQG DEHDPXQGHU WKUHHSRLQW ORDGLQJ VLWXDWLRQV 7KH WKUHH
SRLQWEHQGLQJWHVWZDVSHUIRUPHGLQDFFRUGDQFHZLWK$670'VWDQGDUGV7KHVDPSOHVZDVFXWLQWR
PP UHVSHFWLYHO\ 7KH GDWD LV RIWHQ XVHG WR VHOHFW HOHPHQWV IRU SDUWV WKDW ZLOO VXSSRUW ORDGV ZLWKRXW LQIOHFWLRQ
)OH[XUDOPRGXOXVLVXVHG DVDQLQGLFDWLRQRIDPDWHULDO¶VVWLIIQHVVZKHQLQIOHFWLRQ6LQFHWKHSK\VLFDOSURSHUWLHVRI
PDQ\HOHPHQWVFDQYDU\GHSHQGLQJRQDPELHQW WHPSHUDWXUH LW LVDSSURSULDWHWRWHVWPDWHULDOVDW WHPSHUDWXUHVWKDW
VLPXODWHWKHLQWHQGHGHQGXVHHQYLURQPHQW
 3K\VLFDO WHVWV
+DUGQHVVWHVWV
7KHSK\VLFDO EHKDYLRXU RIWKHVDPSOHVZDV FDOFXODWHGXVLQJKDUGQHVV WHVWV 7KHKDUGQHVVWHVWZDVFDOFXODWHGLQ
5RFNZHOOWHVWLQJPDFKLQH7KHWHVWLQJPDFKLQHFDQZLWKVWDQGDPD[LPXPORDGRI .JDQGZLWKDPLQRUORDGRI
NJ ,QHDFKFDVHWKUHHVSHFLPHQVZHUHH[DPLQHGDQGWKHDYHUDJHYDOXHLVREWDLQHG
:DWHUDEVRUSWLRQWHVWV
7KH ZDWHU DEVRUSWLRQ FKDUDFWHULVWLF LV DQRWKHU VLJQLILFDQW SURSHUW\ IRU QDWXUDO ILEHU FRPSRVLWHV VLQFH WKH\ DUH
DSSOLHGLQDXWRPRWLYHDHURVSDFHDQGPDULQHDSSOLFDWLRQV7KHZDWHUDEVRUSWLRQWHVWZDVFDUULHGRXWDVSHU$670
VWDQGDUG'WHVWVZLWK VSHFLPHQVL]HRIPP
6FDQQLQJ HOHFWURQPLFURJUDSKV
6FDQQLQJHOHFWURQPLFURVFRSH6(0ZDVHPSOR\HG WRLQYHVWLJDWHWKHPRUSKRORJ\ RIWKH GLIIHUHQWW\SHV RIILEHUV
ZKLFKDUHRULHQWHG XQLGLUHFWLRQDOO\DQGELGLUHFWLRQDOO\7KH6(0ZDVWDNHQRQ WZRSDUDPHWHUVVXFKDVRUGLQDU\
IDEULFDWHGVSHFLPHQRQERWKWKHRULHQWDWLRQRIWZRILEHUVDQGDIUDFWXUHG SLHFHRIWKHVSHFLPHQGXULQJWHQVLOHWHVW
,Q WKH ILUVW LQVWDQFH WKH VSHFLPHQV ZHUH SODWLQXP FRDWHG XVLQJ$XWR ILQH FRDWHU 7KH VSHFLPHQZDV FRDWHGZLWK
SODWLQXPEHFDXVHLWLVDQRQFRQGXFWLYHPDWHULDO7KHVSHFLPHQZHUHPRXQWHGRQWKHVSHFLPHQKROGHUDQG DDSSOLHG
WHQVLRQRIN9 LVSDVVHG,QWHUIDFLDOSURSHUWLHVVXFKDVILEHUPDWUL[LQWHUDFWLRQIUDFWXUHEHKDYLRUDQGILEHUSXOO
RXWRIVDPSOHVDIWHUPHFKDQLFDOWHVWVZHUHREVHUYHG
 5HVXOWVDQGGLVFXVVLRQ
7KHWHQVLOHIOH[XUDOKDUGQHVVDQGLPSDFWSURSHUWLHVRIEDQDQDDQGVLVDOILEHUVDUHIXUQLVKHGLQ7DEOH
7DEOH7HQVLOH)OH[XUDO+DUGQHVVDQG,PSDFWSURSHUWLHVRIEDQDQDDQGVLVDOILEHUV
)LEHURULHQWDWLRQ ,PSDFWVWUHQJWK
N-P
7HQVLOHVWUHQJWK
03D
)OH[XUDO
VWUHQJWK03D
+DUGQHVV/
VFDOH
)OH[XUDO
PRGXOXV03D
6LVDO     
%DQDQD     
6LVDO
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0HFKDQLFDOSURSHUWLHVRIVLVDODQGEDQDQDILEHU
7KHPRVWVLJQLILFDQW IDFWRUZKLFK GHWHUPLQHVWKHVWUHQJWKRIWKH ILEHUUHLQIRUFHGFRPSRVLWHLVWKHERQGLQJ
EHWZHHQWKHPDWUL[DQGWKHILEHU6LQFH HSR[\UHVLQLVERQGHGEHWZHHQEDQDQD DQGVLVDOILEHUWKHDIILQLW\IRU
PRLVWXUHDEVRUSWLRQ RIQDWXUDO ILEHU LV PRUHWKDQV\QWKHWLFILEHU )XUWKHUWKHPHFKDQLFDOSURSHUWLHVRIQDWXUDOILEHU
FRPSRVLWHV GHSHQGRQPDQ\SDUDPHWHUVVXFKDVILEHUVWUHQJWKPRGXOXVILEHUOHQJWKDQG RULHQWDWLRQ LQDGGLWLRQ WR
ILEHU PDWUL[LQWHUIDFLDOERQGVWUHQJWK )LEHUPDWUL[LQWHUIDFHSOD\VD YLWDOUROHEHWZHHQPDWUL[DQGUHLQIRUFHPHQW$
JRRG ILEHULQWHUIDFLDOUHVXOWV LQEHWWHU ERQGLQJ VWUHQJWKHIIHFWLYHVWUHVVWUDQVIHU IURPPDWUL[WRWKHILEHU
7HQVLOHVWUHQJWK
)LJXUH VKRZVWKHUHVXOWVRIWHQVLOHVWUHQJWKRIEDQDQDDQGVLVDOILEHUV7KHWHQVLOHVWUHQJWKRIVLVDOGHJUHH
RULHQWDWLRQH[KLELWVKLJKHU WHQVLOHVWUHQJWKWKDQEDQDQD ILEHU ERWK LQWKHXQLGLUHFWLRQDO DQGELGLUHFWLRQDORULHQWDWLRQ
7KH PD[LPXP WHQVLOH VWUHQJWKRI 03D LVREWDLQHG LQ VLVDO ILEHUZLWK  RULHQWDWLRQ 9HQNDWHVKZDUDQHW DO
VWDWHG WKDWPD[LPXPWHQVLOH SURSHUWLHVLVREWDLQHGLQ PPILEHUOHQJWKDQG ZHLJKWSHUFHQWDJH
)LJ  YDULDWLRQRIWHQVLOHVWUHQJWKIRUGLIIHUHQWILEHURULHQWDWLRQ
)OH[XUDOVWUHQJWK
7KH UHVXOWV RI)OH[XUDO VWUHQJWK DQG IOH[XUDOPRGXOXVRI EDQDQD DQG VLVDO ILEHUV DUHGHSLFWHG LQ)LJ DQG
7KHIOH[XUDOVWUHQJWKRIVLVDO ILEHU LV03DH[KLELWVKLJKHU WKDQ EDQDQDERWK LQ WKHXQL GLUHFWLRQDO DQGEL
GLUHFWLRQDORULHQWDWLRQV +RZHYHUWKHIOH[XUDOPRGXOXVRIEDQDQDGHJUHHLV03DZKLFKLV KLJKHU WKDQWKDW
RIVLVDO ILEHU-RVHSK HWDODWWULEXWHGWKHLQFUHDVHLQWKHIOH[XUDOVWUHQJWKDQGPRGXOXV WRWKHLQFUHDVLQJILEHU
FRQWDFW
)LJ  YDULDWLRQRIIOH[XUDOVWUHQJWKIRUGLIIHUHQWILEHURULHQWDWLRQ )LJ  YDULDWLRQRIIOH[XUDOPRGXOXVIRUGLIIHUHQWILEHURULHQWDWLRQ
ϱϲ͘ϱ
ϭϲ ϮϬ
ϯϮ͘ϱ
Ϭ
ϭϬ
ϮϬ
ϯϬ
ϰϬ
ϱϬ
ϲϬ
7(
1
6,
/(
6
75
(1
*
+
7
0
3D
25,(17$7,212)),%(56
ϯϳϭ͘ϯϯ
ϭϮϲ͘ϲϳ ϵϲ͘ϯϳϱ
ϯϮϬ͘ϲϮϱ
Ϭ
ϭϬϬ
ϮϬϬ
ϯϬϬ
ϰϬϬ
^/^>ϵϬ EE
ϵϬ
^/^>
Ϭ͕ϵϬ͕Ϭ
EE
Ϭ͕ϵϬ͕Ϭ
)/
(;
8
5
$
/
67
5
(1
*
7+
0
3D
25,(17$7,212)),%(56
Ϯϲ͘ϰϯϳ
ϯϯ͘ϱϯ
ϭϬ͘ϱϭ
ϯϯ͘ϰϵ
Ϭ
ϭϬ
ϮϬ
ϯϬ
ϰϬ
)/
(;
8
5
$
/
0
2
'
8
/8
6
0
3D
25,(17$7,212)),%(56
2269 R. Badrinath and T. Senthilvelan /  Procedia Materials Science  5 ( 2014 )  2263 – 2272 
,PSDFWVWUHQJWK
)LJXUHVKRZVWKHUHVXOWRI ,PSDFW 7HVW ZKLFK ZDVSHUIRUPHG DFFRUGLQJ WR$670'VWDQGDUG7KH
VSHFLPHQVL]HZDVPP/HQJWKPP:LGWKPP7KLFNQHVV ZLWKGHSWKXQGHUQRWFKRIPP7KHWHVWV
UHYHO WKDWEDQDQDILEHU ZLWK ELGLUHFWLRQDO RULHQWDWLRQKDVKLJKHU LPSDFWVWUHQJWKWKDQVLVDOILEHUDQGEDQDQDILEHU
ZLWK ELGLUHFWLRQDODQGXQLGLUHFWLRQDO UHVSHFWLYHO\ 
)LJ  YDULDWLRQRILPSDFWVWUHQJWKIRUGLIIHUHQWILEHURULHQWDWLRQ
+DUGQHVVWHVWV
7KHKDUGQHVVWHVWVZHUHFRQGXFWHGLQ5RFNZHOO/VFDOHWHVWLQJPDFKLQH7KHPDMRUORDGDSSOLHGZDV.J
DQGWKHPLQRUORDGZDV .J7KHWHVWVKRZV WKDWEDQDQDILEHUFDQZLWKVWDQGKLJKHU LPSDFW ORDGWKDQVLVDOILEHU
)LJ KDUGQHVVYDULDWLRQIRUGLIIHUHQWILEHURULHQWDWLRQ
3K\VLFDOSURSHUWLHVRIVLVDODQGEDQDQD ILEHU
:DWHUDEVRUSWLRQWHVWV
7KHZDWHUDEVRUSWLRQWHVWVZHUHSHUIRUPHGRQWKHWZRVDPSOHVLQ WKUHHGLIIHUHQWFRQGLWLRQV VXFKDVVHDZDWHU
RUGLQDU\ WDSZDWHU DQGGLVWLOOHGZDWHU7KHZDWHU DEVRUSWLRQ WHVWZDV FDUULHGRXW DV SHU$670VWDQGDUGV'
VSHFLPHQVL]HRIPP7KHZDWHUDEVRUSWLRQWHVWZDVFDUULHGLQWKUHHW\SHVRIZDWHUVXFKDVRUGLQDU\ WDS
ZDWHUVHDZDWHUGLVWLOOHGZDWHU7KHVDPSOHVZHUHXQLIRUPO\GULHGDW &IRUKRXUV7KHQWKHVSHFLPHQVZHUH
ZHLJKHGWRDQDFFXUDF\RIJ:DWHUDEVRUSWLRQWHVWVZHUHFRQGXFWHGE\LPPHUVLQJWKHFRPSRVLWHVVSHFLPHQVLQ
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RUGLQDU\ WDS ZDWHU VHD ZDWHU GLVWLOOHG ZDWHU LQ D SODVWLF WXE DW URRP WHPSHUDWXUH IRU D SHULRG RI  GD\V WLPH
LQWHUYDO$IWHUGD\VWLPHLQWHUYDOWKHVDPSOHVZHUHUHPRYHGIURPZDWHUFDUHIXOO\EORWWHGWRUHPRYHWKHH[FHVV
ZDWHU RQ WKH VXUIDFH DQG ZLSHG ZLWK D FOHDQ FORWK DQG WKH VSHFLPHQV ZHUH LPPHGLDWHO\ ZHLJKHG J 7KH
PRLVWXUHDEVRUSWLRQZDVFDOFXODWHGE\WKHZHLJKWGLIIHUHQFHRIWKHVDPSOHV7KHSHUFHQWDJHRIZDWHUDEVRUSWLRQRI
WKUHHVDPSOHVZDVFDOFXODWHGDFFRUGLQJWRWKHIRUPXOD
:DWHU$EVRUSWLRQ ^0:0$0$` 
:KHUH 0: DQG 0$ DUHWKHZHWVDPSOHVDQGGU\VDPSOHV
7KHUHVXOWVFOHDUO\UHYHDOWKDWWKHSHUFHQWDJHRIZDWHUDEVRUSWLRQLVKLJKHU LQVLVDOILEHUVWKDQEDQDQDILEHUV 7KH
RIRUGLQDU\ZDWHULVKLJKHUWKDQGLVWLOOHGDQGVHDZDWHU7KHUHVXOWVDUHH[SUHVVHGLQILJXUH DQG7DEOH
7DEOH:DWHU$EVRUSWLRQ7HVWV
)LEHUVRULHQWDWLRQRIRUGLQDU\
ZDWHUDEVRUSWLRQ
RIGLVWLOOHGZDWHU
DEVRUSWLRQ
RIVHDZDWHU
DEVRUSWLRQ
6LVDO   
%DQDQD  
6LVDO
%DQDQD




)LJ SHUFHQWDJH RIZDWHUDEVRUSWLRQIRUGLIIHUHQWILEHURULHQWDWLRQ
0RUSKRORJLFDOVWXG\
6FDQQLQJ(OHFWURQ0LFURVFRSH
7KH IDLOXUH PRUSKRORJ\ RI WKH IDEULFDWHG FRPSRVLWHV DIWHU WHQVLOH WHVWLQJ ZDV H[DPLQHG WKURXJK VFDQQLQJ
HOHFWURQPLFURVFRSH7KH6(0 LPDJHVRIWKHVDPSOHVXQGHUZHQWRIWHQVLOHWHVW LV SUHVHQWHG7KHIUDFWXUHWDNHVSODFH
LQ WKH VSHFLPHQE\ WKH DSSOLFDWLRQRI XQLD[LDO WHQVLOH ORDG 7KH IUDFWXUH LQGLFDWHV WKH ILEHU IUDFWXUH DQGSXOO RXW
IURPWKHVSHFLPHQDQGDOVRWKHGLVORFDWLRQRIILEHUV7KH6(0LPDJHRIWKH SURGXFHGVDPSOHV LVSUHVHQWHGLQ ILJ
D7KH ILJ  D FOHDUO\UHYHOVWKDWWKHDGKHVLRQEHWZHHQWKHEDQDQDILEHULVEHWWHU WKDQ VLVDO ILEHU ILJD 7KH)LJ
 EUHYHDOVWKDWILEHUSXOORXWRFFXUVRQVLVDO  RULHQWDWLRQ RFFXUUHGWR DJUHDWHU H[WHQWWKDQVLVDO ELGLUHFWLRQDO
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VDPSOHVDVVKRZQLQ)LJ E$OOWKH6(0PLFURJUDSKVLQGLFDWHWKHSKHQRPHQRQRISXOORXWRFFXUUHGWRDJUHDWHU
H[WHQWLQVLVDOILEHUVWKDQEDQDQDILEHUV7KHLPDJHDQDO\VLVDOVRVKRZVWKDWHSR[\UHVLQ LVZHOOERQGHGZLWKEDQDQD
ILEHUV WKDQVLVDO ILEHUVZKLFK UHVXOWV LQ IDLOXUHRI VLVDO ILEHU WRDJUHDWHUH[WHQW WKDQEDQDQD ILEHU 3RRU LQWHUIDFLDO
ERQGLQJEHWZHHQILEHUDQGPDWUL[IURP)LJ DUHVXOWLQJLQORZLPSDFWVWUHQJWKDQGKDUGQHVVSURSHUWLHV
)LJDVLVDO EHIRUHIUDFWXUH )LJ EVLVDO DIWHUIUDFWXUH
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